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Abstract. This article reports a model study aimed at the d&}V radiation from the stars induces electronic transitions to the
tailed description of the mechanism of formation of molecul&' ;" (Lyman band) and &1,, (Werner band) electronic states.
hydrogen onto dust grain surfaces in the interstellar mediuithese two electronic states lead to the destruction offihe
Using classical trajectories (CT) and quasi-classical trajectoriaslecule by spontaneous radiative dissociation (coupling to the
(QCT) calculations, thél, recombination from the Eley-Ridealnuclear continuum) with an efficiency of about %0(Stephens
process has been studied. This reactive process, involving gh®algarno 1972; Schmoranzer et al. 1990). But they also ra-
collision between one gas phase atomic hydrogen and one otliatively de-excite to bound rovibrational states of the ground
H atom previously chemisorbed on a graphite surface, codtkctronic state 3(2;. This process, known as the UV pump-
be an efficient mechanism to explain the formationftf in  ing, prepares population in highly excited rovibrational levels
the interstellar medium. Two empirical potential models hawe the ground XE; which then cascade down by infrared (IR)
been used to extract the main physical and chemical properéesission. The spectrum and intensity of the IR radiation, now
of this system. The efficiency of the recombination process hagrently observed from both ground-based (Burton et al. 1992;
been analysed as a function of the collision energy and alscBxand 1993; Field et al. 1994; Lemaire et al. 1996; Rouan et
a function of theH coverage on the graphite surface. From aal. 1997; Sugai et al. 1997) and space-based ISO telescopes,
energetic point of view, the newly formed, molecules have will naturally depend on the UV radiation flux but also on the
beenfound to be desorbed with a large translation kinetic eneigiial rovibrational population of the nasceff, molecule, as
and also in highly excited vibrational states. recently demonstrated by Le Bourlot et al. (1995). Burton et al.
(1992) have proposed that the formation mechanism could be at
Key words: dust, extinction — ISM: molecules — molecular prothe origin of the excess IR emission observed in the NGC2023
cesses reflection nebula. Futhermore information about the energy re-
leased into translation df is important since it can contribute
to the heating of the gas in diffuse clouds (Jura 1976).

1. Introduction As the presence of small particlegtérstellar dustor
graing in the ISM is now well established (mainly through
1.1. General the spectral analysis of the extinction curve and by their typi-

The detailed mechanism for the formation of tHe molecule cal infrared signature), reactive processes qt the ga_s-solid in-
in the interstellar medium (ISM) really appears to stand up {6'7acé have been proposed as an altervative solution to ex-
now as an open question for astrophysicists. Indeed the stréigyn theH recomblnatlor? (Hollenback Salpeter 1970,1971;
abundance off, in the ISM cannot be explained by the classicalre 1975, Watson 1976; Goodman 1978). Astrophysical im-
three-body collisions due to the very low density of the inteP/ications of these gas-surface interactions have been widely
stellar gas (about £0 10* atoms/crd for a typical temperature discussed through dlﬁgrent models (BlagkDalgarno 1976
of about 10 — 102K) nor by the appropriate mechanisms usdiunter & Watson 1978; Duley Williams 1986, 1993; Dal-
ally at work in space, like radiative association. Consequenfi"© 1993). Unfortunately the chemical nature, the size and
astrophysicists have been interested for a long time in the &€ Structure of these pieces of solid and the density of such ma-
namical processes which could induce a high efficiency of iffyial are not well characterized yet. Most recent results on the
H, formation in such a rarefied medium. exctinction of dense regions in the infrared part of the spectrum,
One another fundamental point for the understanding of tABtained thanks to ISO satellite (Abergel et al., private commu-
chemical evolution of the ISM is the redistribution of availabl@'cat'on)' show that the grain quel proposed by Dr@rleee
energy in the nascetff, molecules. Indeed part of this energ 1984) accounts well for the main features: absorption near 10

could go intoH; vibration or/and rotation. On the other hand!™ DY the silicates component of the grain distribution, and
gradual rise towards shorter wavelengths due to the graphite

* Laboratoire assoeia I'universié Paris-Sud component. Indeed the graphite character of a significant pro-
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portion of the grains is also attested by the so-called "UV-bumpgas phase in interstellar clouds (density 2 1000 cnt?, gas
at 217 nm, as first suggested by Mathis et al. (1977) and latemperature § ~ 100 K) it can be estimated that desorption
quantified in various ways by many authors (see in particulaill overcome sticking as soon as the grain temperatyrésT
Fitzpatrick et al. (1990)). This presence of graphite has belanger than 12 K for physisorption and 300 K for chemisorption.
our motivation for the present study: a microscopic descrifphus for moderately dense interstellar clouds witFTL5-40 K
tion of the H, formation near a "perfect” graphite surface. Weve expect a significant chemisorption coverage and negligible
have to keep in mind that the chemical reaction studied in thghysisorption. The typical time scale for the construction of the
work (graphite+{+H—> graphite #{,) has to be consideredcoverage is rather short:(1 year).
as a model system for the ISM to extract general trends. In the
ISM, thg reality is obviously more complex dug to diﬁereqt fagi_z_ The Eley-Rideal process
tors which can strongly affect the cross-sections associated to
the reactive processes. For example the presence of condéhs- LH mechanism is not the goal of this work. It will only
able moleculesi,0, CO, CO...) on the surface of the dustbe considered in the context of the discussion of astrophysical
particles in the molecular clouds (characterized by low tempe&enditions.
ature and low radiation flux) can induce strong changes in the In the ER process, studied here, three different exit channels
electronic structure and consequently in the reactivity on them® possible. The first one corresponds to the formation of the
surfaces. Another important point to mention is that the strué% molecule and its desorption to the gas phase. In this case,
ture (planar, spherical,...) of the grains and the eventual preseweewill speak about reactive trajectories. This process can be
of defects on the surface could also play a crucial role in susammarized as:
reactive processes. .

As the microscopic detailed mechanism of surface recomtur face...H) + H(e) — Sur face + Ha(ep,v. )

bination is concemed, two sche.matic descript_ions are generglhy important to note that this process can be direct or not. In-
proposed to explain the formation of a chemically bound sygaeq, during its trajectrory, the incomittgatom can be trapped
tem, herefl, near a surface. The first one, called the Langmuigy, the surface, then diffuses more or less easily (depending on
Hinschelwood (LH) mechanism assumes that the atomic re@gyrang|ational kinetic energy) and eventually reacts after along
tants are already adsorbed on the surface. The adsorbates §ag0 Thjs indirect process is taken into account in the present
migrate from site to site until they react upon encounter. TRy jation because thef adsorbed atom is initially located in
final produc_:tlls then desorbed to the gaseous phase. In this R Qiven (x,y) cell with periodic boundary conditions. It means
cess, reactivity occurs between two atoms already adsorbed il the simulated process corresponds in fact to the reactive
thermalized by the surface. Consequently, the reactivity will Bgjision between &I atom and a hydrogenated surface defined
strongly dependent on the surface temperature and Coveraggy 4 density of adsorbates per unit area, i.e. a coverage.

The second one, called the Eley-Rideal (ER) mechanism, The second one corresponds to the collision offihatom
corresponds to the process studied in this work. It is a dirggknout involving chemical reaction. In this case, tHeatom

interaction in which a reactive collision occurs between a gg§mes back to the gas phase after elastic and/or inelastic scat-
phase atom and an adsorbed atom. If this adsofbedom is tering. Such trajectories, which can be summarized as:

rather localized on the surface, we can expect that the reactivity

will be less dependent on the surface temperature than in (e face...H) + H(e;) — (Surface...H) + H(€})

LH mechanism. It is important to note that the energetics of )

the reaction will be different in the two processes due to thdll be referred to as non-reactive. , _

difference in the initial state of one of the reactants. Indeed 1he third one corresponds to the sticking of the incoming H

the formation energyXAE) is equal to E2) - EGD in the ER  &t0M:

process while this energy is smaller and equ.al(t'é?E— 2 E(H? (Surface...H) + H(er) —> (Sur face...H...H)"

in the LH process. &) and E*'2) are respectively the binding

energies off and H, on the graphite surface. This last process involves a coupling between the hydrogen
Both processes pre-suppose the existence of a non negligditams and the surface, which implies that energy transfer to-

atomic coverage on the grain surface to take place. It is thenwadrds the bulk solid is possible. It will not be considered in the

interest to address the question of the nature of the adsorptiwesent work, for which the surface is assumed to be rigid.

sites which are occupied in relation to astrophysical conditions. From the experimental point of view, it is not easy to dis-

The binding energy for all atom on graphite can be estimatedinguish between the different mechanisms for various reasons.

to about 1.2V in a chemisorption site (Fromherz et al. 1993Jhe first difficulty is for discreminating the nascent molecules

andto about5theV in aphysisorption site (Mattera etal. 1980)from undissociated hydrogen molecules in the incoming beam

If we don’t consider the chemical reaction induced desorptioor, background gas. The second one is related to the actual state

the atomic coverage is the result of the competition betweehthe surface, in particular with respect ¥ and/or H, ad-

the sticking of H-atoms coming from the gas phase and thsorption. The smaller or larger coverage may affect the relative

thermal desorption. The efficiency of this process has a vémportance of LH versus ER mechanisms. These mechanisms

strong temperature dependence. For typical conditions of theve been investigated mainly on metallic surfaces (Reéner



P. Parneix & Ph. Bechignac: Molecular dynamics simulation of thg recombination on a graphite surface 365

Auerbach 1994; Rettner 1994; Schermann et al. 1994; Rettner 10
& Auerbach 1996). Only very few experiments have been done ——— Model (I1)
on H, formation from a gas-surface interaction in which the 05 Mode (1)

the recent experiments by Pironnello et al. (1997) the discrira~
ination of products from reactants was achieved by detecti&y
H D scattered from an olivine slab at very low temperature irré®
diated by two independeiif and D gas lines. Evidence for the T -05
LH mechanism was found. A major interest of the experimen%
performed by Gough et al. (1996) on carbonaceous materials is
to give access to the internal state distribution of&feproduct

by means of an original technique. But the surface structure and
exact content of the reactant gas is less securely characterized. .15

On the theoretical side, time-dependent fully-quantum cal- 05 25 45 65
culations have been performed to describe the ER mechanism Z (angstroem)
leading to theH,; molecule formation on a metallic copperFig. 1.Plot of the graphite-H interaction potential as a function ofthe
surface Cu(111) in a collinear collision (Jacks&nPersson desorption coordinate. The solid curve and the dashed curve correspond
1992a,1992b). More recently JacksknPersson (1995) haverespectively to model (1) and model ().
done quantum calculations describing the reactive collision near
a flat rigid surface, case in which the dynamics can be described
with only three degrees of freedom. For the metallic surface, tserer; andp; are respectively the position and the conjugated
flat approximation for the surface seems valid because the ifomentum of the!f H atom; m is the mass of one hydrogen
fusion barrier is relatively low compared to the chemisorptiogtom.
energy. From this Hamiltonian, the equations of motions of ftie

In the present work, the corrugation of the graphite surfaaéoms near the surface can be easily derived from Hamilton’s
has been explicitely taken into account. Consequently, a claggjuations:
cal and a quasi-classical (QCT) approach have been used. The
collision has been analysed from a molecular dynamics (MBp: _ _9H _  dri _ OH fori=1,2  (2)
simulation which involves the propagation of classical trajecdt or; dt Opi ’

tories in the 12-D phase space. Recently Kratzer (1997) has . . . L
followed the same theoretical scheme to describeHhdor- 1 he choice of arigid surface for this system is justified by the

mation on a silicon surface Si(001). It is interesting to note thfll mass of the hydrogen atom with respect to the carbon one,
Perssork: Jackson (1995a,1995b) have compared their fully® that & small energy transfer to the surface (small coupling
quantum calculations to the QCT method and concluded ti4h the phonons) is expected. A comparison between rigid and

the gross features of the dynamics are well described by f}1-1igid surface is in progress and will published later.
QCT method. The crucial point for predicting the reactivity of oné

om with anothedd atom adsorbed on the graphite surface is
interaction potential. For the purpose of calculation we need

-
surface could be representative of an interstellar dust grain. In |
|

Sect. 2 of this paper describes the hamiltonian of the s

tem and the empirical potential model which was used. Sect. . o . . .
presents the computational aspect of the dynamics and %Eeallstlc description of the interaction through an empirical

means used to characterize the system. Sect. 4 is devote ottgntial model. The model potential energy surface (PES) has

the presentation and the discussion of the results obtained fi n fouilt from atom-atom po_tent|a|s with parametgrs which
the MD simulations. naturally depend on the chemical nature of the binding of the

involved atoms with the surface. The interaction potentiglV
can be decomposed as a sum of two terms that are detailed
heredown.
2. Hamiltonian and potential energy surface
Surface-H interaction
2.1. The model The first term (Murface—m) COrresponds to the interaction

The graphite surface has been modeled by arigid cluster. Corfgween all thef7 atoms and the surface. The binding energy
quently, only 6 degrees of freedom are necessary to describeth@n€ isolated chemisorbetf atom on graphite has been

reactive collision in the vicinity of the surface. The hamiltoniaf@/culated by different authors using ab-initio procedure
of the whole system can be written as: (Bennet et al. (1971); Aronowitd& Chang (1985); Klose

(1989) and Fromherz et al (1993)). These numerical values

2 are strongly different depending on the methods used by these

H— Z P b Vi (r1,79) 1) authors_. I_n_ this work, we have chosen to reproduce qualitatively
pt 2m the ab-initio results obtained by Fromherz et al. (1993). The
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Table 1. Potential parameters for tHé-graphite interaction.
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Table 2. Potential parameters for thé- H interaction.

Model (1) | Model (II) B (A~1) | 1.970

Dy (eV) 0.665 0.600 re (A) 0.741

BAY 2.60 2.00 DY) (ev) | 0.500

re (A) 1.80 1.80 D%) (ev) | 4.751

a(A™h 0.90 0.90 ~ (A=Y | 2.000
DY) (ev) | 4150 12.25
Dg;;j (eV) 2.48 2.48

(AT 2.60 1.00 2.2. Characteristic features of the reactive surface

Values of all theH — H potential parameters are reported in
Table 2. As noted just before, the potential model has been built
Vsurface—H = Vatom—atom + Vrep (3) inorder to reproduce the main characteristics offthgraphite
The first contribution Vs, _arom is calculated from a sum of potential calculated by Fromherz et al. (1993). These authors

pairwise atom-atom terms between each offihatoms and the have found that the binding energy of the most stable config-

N. (= 67) effective centers of forces located at the centers of tHgation was equal to -1.34V" which corresponds to a weak
benzenic rings. We have: chemisorption. In this equilibrium structure, theatom is just

N located above a carbon atom and the z coordinate is equal to
A 1.15A. In this minimum energy configuration, they have found
Vatom—atom = Z Z Do[[l—e ol TC)]Q —1] 4) that graphite surface was Ioc%)llly recgnstructed: tr?e carbon atom
=ta=l is attracted to théf atom. This tendency to form a tetrahedron
As the interaction between the surface andanmolecule or results from the evolution from a $jgraphite) to a shcharac-
a H atom is strongly different, the progressive evolution fromgr,
the net chemisorption off to the much weaker adsorption of  concerning the chemisorption of the atomic hydrogen, one
1 is accounted for by the addition of a purely repulsive Y only site has been found with the two models described in the
term whose magnitude depends on e distance by: previous section. Thél atom is on a top position just above
n a carbon atom. In the potential model (1), the binding energy
Viep =Y Dje % (5) is equal to Ef) = -1.32 eV and the distance between ttie
i=1 atom and the carbon atom is equal to 1AL9n Fig. 1 is plotted

where z is the coordinate of thé/i H atom along the axis the potential energy curve along the z coordinate for a sifigle
perpendicular to the surface, anyj is depending on thé/-H  atom. A small activation barrier éé” =0.081eV) appearsatz=
distance (g ) by the following relation: 3.20A. A saddle point between two equivalent top sites appears
;L (o) 0) (00) dnn in the middle of the C-C bond. The height of this barrier for the
Dj = Dgy + (Dggy — Dgpr ) exp H diffusion (or migration) is equal to 0.25/. The middle of
The values of all the parameters used to describe the surfacé${C-C bond and the center of the ring correspond to saddle
interaction are reported in Table 1. points in the PES.
H-H interaction In the case of model (Il), the topology of the PES is not
The second contribution (Y_ ) to the total potential energy strongly modified. In the minimum energy configuration, the
is the lateral interaction between all tii¢ atoms. A Morse atom is always located just above a carbon atom at a slightly
potential has been used to describe this interaction: larger value of z (z= 1.22A). The corresponding energy is
n equal to Ef) = -1.35¢V. In this second model, the activation
Vi = Z Z D.[[1 — exp ' (ris=me)]2 _ q] (6) barrier along the z coordinate is slightly smalleﬁfi =0.028
i=1j>i eV)andatalargerz valuel(f'z’) = 4.20,&). Comparison between
r;; is the distance between tHé and the §* H atoms. g is the "€ two proposed models for the dependence of the potential
equilibrium distance of the diatomic molecule in the gas phagiond the z coordinate is displayed in Fig. 1. The consequence
D. is the binding energy for the Morse potential. In our modef the small barrier at large z for thé—graphite potential is

we assume that the magnitude of @epends on the Iocalizationthat a small activation barrier is present in the entrance channel
of the diatomic with respect to the surface as: of the reactive PES. As pointed out by Fromherz et al. (1993)

the reality of this small activation barrier has to be confirmed by
more refined ab-initio calculations. Indeed very recent ab-initio
calculations based on the density functional theory (Jeldaica
Sidis, private communication) have just confirmed its existence.
z; is the z coordinate of thé'i H atom and IZ???} the binding About the adsorption site for thié, molecule, the two mod-
energy forthe isolateH; molecule inthe gas phase inits grounéls give a minimum energy configuration with thg molecule
electronic statéE;. parallel to the surface. With model (I) the binding energy is

interaction potential has been written as:

2
1 o
D. = D)+ LD, — DN S e %

i=1
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R (angstroem)
2.9 3.5

the minimum energy configurations féf on graphite with the

4.5 two potential models have been summarized in Table 3.

9.5
2.9

3. Dynamical calculations

P~
3

The equations of motion (Egs. (2)) for thg atoms have
been numerically integrated with an Adams-Moulton fifth order
predictor-corrector algorithm. Consequently, a constant energy
trajectory was run in the phase space. The time step for this
propagation was equal to 0.10 fs. The energy conservation was
satisfied to about IO for one typical trajectory.

The initial coordinates of the colliding/ atom was ran-
domly chosen in a (x,y) square cell of sizé % 2L. Most of
the calculations have been made witk 5A. The z coordinate
of this atom was initially set at 18, a distance where the inter-
action between thé/ atom and the surface was negligible. The
initial momentum of thisH atom was also randomly chosen to
5 describe a given gas phase equilibrium temperature following a

Maxwell-Boltzmann distribution.
Fig. 2. Contour plot of the reactive PES in a collinear collision for,. In .thls work, 'm.o.st of the results have been obtained with the
potential model (I). The spacing between contour lines is equal to ng"gecnon of the m't'al_ momentum norrr_h’?ll to the surffflce.. H(_)W'
eV, ever, to analyse the influence of an initial angular distribution,
we have generated some trajectories with the angle between the
normal vector and the velocity vector randomly chosen between
-Aa and +Aa.

For the other hydrogen atom, two different procedures have
been used. The first one, which we call the classical one, con-
sists to prepare the initially chemisorbéfl atom on carbon
cluster at a given kinetic temperatufg,.,,, calculated from the

w
(o)

v
9
r (angstroem)

—_
[@X

1.5

2.5 3.5 4.5

Table 3. Characteristics of théZ-graphite potential energy surface.
2, equilibrium distance of the chemisorbédl from the surface;
EU: pinding energy in the chemisorption sité,m: distance of the
barrier in the entrance channel from the surfa@é’?): energy at the
top of the barrier.

Model (1) | Model (1) | Fromherz et al. equipartition theorem:
(1993) —
< 2E,.;
2 R) 119 122 115 Tenem = 5 ’]Z”’ (8)
EW) (ev) -1.32 -1.35 -1.31 b B
zLH) (A) 3.20 4.20 2.35 ky is the Boltzmann constant arid,;,, corresponds to the time
EM) ev) | 0.081 0.028 0.090 averaged kinetic energy of the chemisorbed atom before the

equal to EF2) = - 0.112¢V, and slightly smaller £72) = -

otherH atom is in interaction with the surfacg.;,.,, has been
chosen around 70 K which means that the H adsorbed atom was
prepared near its equilibrium configuration with only a very
small amount of vibrational energy. In this approach the zero-

0.088¢V in the case of model (l1). This is in good agreemergoint energy was not considered.
with the value proposed by Ross et al. (1964)
(- 0.084¢V), and of the same order of magnitude as the vgectory (QCT) in which the zero-point energy (ZPE) of the H
ues derived by Mattera et al. (1980) from scattering experimeatom on the graphite surface is taken into account by a semi-
(-0.052¢V). Unfortunately, to our knowledge, no experimentatlassical method based on the Ehrenfest adiabatic theorem. We
information is available about the localization of this site withuilt a separable harmonic potentfd(x, Py, y, Py, 2, P.) de-

respect to the surface.
Since we are interested in the recombination process it is

The second procedure corresponds to a quasi-classical tra-

fined by:
P2

1
useful to look at a representation of the total reactivurface- Ho = 5 + 5 [ko(2 — ze)? + ky(y — ye)? + k= (z — 20)°)9)

H PES. Fig. 2 is a contour plot of the total PES of model (1)
in the collinear approach above a top site, using as reactioh
coordinates thé/ — H distance- and the CH distanceR from
the chemisorbed? atom to the surface. In this graph an ER"
process is represented by a trajectory coming from the top
larger and withR ~ 1.2A and ending at the lower right corner
atlargeR with r ~ 0.7A. The activation barrier in the entrance
channel is too small to be seen in this figure. All the data abo{t P, =

ye and z. are the cartesian coordinates of the equilibrium
configuration in the'real” H-graphite potential. In this har-
onic separable hamiltonian, one can select trajectories which
sg{isfy the semi-classical quantization by:

= ,/7(”;;1“{2% sin @,

mwg (vy+1/2)h
™

(10)
COS Py
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¢, is randomly chosen in the [Os2interval.w, (=4/ %) is the 08 @)
pulsation. '
The same relations are to be consideregfat,, z andP,. Con- o 00 %90 4
sequently for a set of vibrational quantum numbers v, v. ), 06 | ©
we can select trajectories in the phase space correspondingto ° . o
the Hy hamiltonian. To transform the harmonic hamiltonian intag al o o ® ¢ ¢ o
the”real” hamiltonian, we built a time-dependent hamiltoniarg b
H(t) defined as: a o e
P2 02| o Mode (1)
H(t) = 5+ Vi(@,9,2) + 9(0)[Vi(w, 9, 2) = Vil y, 210) $° ¢ Moda ()
0.0 ‘ ‘
Vi(z,y, z) is the harmonic potential defined previously and 0.0 O'Ill_ _ 0.2 03
V,.(z,y,z) isthe"real” potential. g(t) is a slowly varying time co 'Son(Egergy (ev)
dependent function, defined foef0;7,], by: 03
t  sin(2mL) ® Model (11) o
g(t) = T TT (12) o Model (1)
02t

In this work, T, was taken equal to fis. During the adiabatic >
switching, quantum numbets, v, andv, are conserved if the §
transformation is a slow enough procegs fas to be larger 8
than~ 100 x characteristic vibrational period of the system)& o

The final coordinates and associated momenta satisfy the s,emif)'1 o b

classical quantization and then are associated to a set of vibra-

tional quantum numbers in tHeeal” hamiltonian. They are ©

taken as initial coordinates and momenta for the collisional tra- ; ; legee—9-— oo ‘

jectories. 0.00 0.01 0.02 0.03
The maximum duration of one collisional trajectory was Collision Energy (eV)

equal to 12 ps. During this microcanonical trajeCtofy’ if the I’—?ig. 3a and b. Plot of the H, recombination probability versus the
coordinate of ond7 atom was found greater than £ this  collision energy E...;) obtained in the case of a single H adatom in
atom was considered as desorbed. A distance criterion was the8l| of 100A2, with the two potential models corresponds to the
used to test if &> molecule had been formed: if the distanceull energy rangeb is a zoom in the low energy range.
between the twd{ atoms was smaller than 24) a molecule
was considered as desorbed to the gas phase.

If this was the case, the tranlational, rotational and vibr
tional energies of thél> molecules were evaluated. The trany4 1. Rate of recombination of tHé, molecule

2
lational energy is given by & = fﬁ;{m in which P.,,,, is the
2

linear momentum of thél/> molecule center of mass and:\l
is the mass of the diatomic molecule. The vibrational part The H, recombination probability during the collision is plot-
calculated as B, :;i, and the rotational contribution is cal-t8d as a function of the collision energi {;) in Fig. 3 (the
direction of the velocity of the incoming/ atom was taken
) . 2ur? perpendicular to the rigid surface, and L :A‘,% For the two
diatomic molecu!e ang It 'reduced mass. potential models studied, similar behaviour was obtained. A
A se_ml-clas_5|cal wbrgtlopal number vwas calculated frole4r increase of the probability with the collision energy ap-
the semi-classical quantization of the action integral: pears from Fig. 3a. At low collision energfi(ou < Emin), NO
; hydrogen molecule is formed along the classical trajectories in
o _ [ o g0 the phase space, the incomifgatom being reflected back to
(v+ Q)h N %Prdr N f{ \/Qm(E””t vir) 2ur2) da3) the gas phase at relatively large z value. The values,gf Bre
slightly dependent on the potential model. We obtaingd,E
V (r) is the internuclear potential of thé, isolated molecule ~ 3 meV for model (1) and E,;,, =~ 10 meV for model (Il)
in its ground electronic statd’;,,; is the rovibrational energy (see Fig. 3b). The effective activation barrier for reactivity is
of the molecule and h is the Planck’s constant. then slightly higher in the case of model (Il) although that the
For a given set of parameters\§, F..i, T.nem OF H—graphite barrier is lower. This difference is the consequence
(ve, vy, v2)), 2000-8000 trajectories have been run to obtain stafthe localization of the barrier. Indeed the activation barrier is
tistically significant results. found at a smaller value of z for model (I) so that tHe— H

4. Dynamical results and discussion

4.1.1. Results of the simulation

culated by E,; = J—: J is the angular momentum of thié,
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Table 4. Comparison of the results obtained from the CT and QCT 0.8
methods. B, is the recombination probabilityz,., E,ot, Ev:p are
the averaged energies in various degrees of freedom of the ndggcent
Calculations were made with potential model (I). All energies are given 0.6
ineV. >
Eeon 0.013| 0.013 | 0.026 | 0.026 | 0.132| 0.132 8 0.4
Method | CT | QCT | CT | QCT| CT | QCT 8
P, 0.11 | 013 | 0.25 | 0.27 | 0.65 | 0.66 =
By | 166 | 1.75 | 1.67 | 1.77 | 1.80 | 1.87 0.2
Erot 053 | 0.74 | 061 | 0.74 | 0.71L | 0.78
Eui 129 | 1.20 | 1.22 | 1.20 | 1.08 | 1.15
0.7 ‘ ‘ ‘ %03 2 4 6 8 10
Impact Parameter (angstroem)
06 © ] Fig. 5.Plot of the Hirecombination probability as a function of the im-
o pact parametérat E'.,;; = 0.026eV. These results have been obtained
2 o with pgtential model (I) from a set of 8000 independent trajectories with
3 L=5A.
g 0.5 © e} 1
eV. WhenAc« increases, a net lowering of the recombination
04 o ] rate appears. This reflects the decrease of the normal component
of the incoming H linear momentum. Consequently, when
decreases, more and more atoms are reflected on the activation

03 0 2‘0 4‘0 6‘0 80 barrier along the z coordinate. If only the normal component of
Aa (Degress) the linear momentum of the incoming particule is to consider in
the reactive collision, we expect to find that the recombination
Fig. 4. Plot of the H, recombination probability as a function of theprobability atE..; = E, for Aa = 90° will be equal to the
maximum angleAa (see text) of t_he initial velocity fron_1 the normal racombination probability ak ., = Ey/3for Aa = 0°. In Fig.
to the surface af’c.; = 0.132ev in the case of potential model (1) 4, if we extrapolate the curve up tva = 90°, we obtain R, ~
from a set of 4000 trajectories. 0.36 with & = 0.132¢V. This value is in very good agreement
with that obtained at\«e = 0° at the collision energy, /3 =
attractive interaction is then larger than in the case of model (I0.044¢V/, i.e. Py, ~ 0.38 (see Fig. 3a). Consequently, if we
Consequently the global barrier in the entrance channel is lowgant to transform the collision energy into a gas phase temper-
for potential model (I) as compared to model (1). atureT,, we have to use the relationshi..;; = 3k, T, with
From a classical point of view, no trajectory can go througha = 0°. Consequently, the gas temperatures, associated to the
this potential barrier. However a quantum description of thigppearance of the recombination process, are respectively 70 K
reactive pathway could give a non-zero probability for fiie and 230 K for the potential models (1) and (1).
atom to tunnel through this barrier. Consequently one could As said in the previous section, tie adsorbed atom was
presume that the rate d&f, formation at low collision energy prepared at a given equilibrium temperattig,,,,. All the re-
in the classical approach is certainly slightly lower than in sults shown up to now have been obtained’aft.., ~ 70 K.
complete quantum treatment. The recombination rate has also been calculated for increasing
WhenE.,,;; becomes larger than,g,,, the H, formation is values of7T ..., in the 10-250 K range. It was found that the
now energetically allowed for an increasing number of trajetermation rate was almost unsensitive to the initial vibrational
tories. Consequently the efficiency of the formation process ierergy of the adsorbel atom.
creases as afunction Bt.,;;. The probability to form a molecule In Table 4, the formation probability obtained from both
reaches a maximum &t..;; ~ 0.15eV. At this energy, almost CT and QCT calculations at three values of the collision ener-
65 % of the trajectories are reactive with model (1) andl5% gies are reported. The sensitivity of the process efficiency with
with model (ll). The recombination is then highly efficient irrespect to the method is weak. The formation probability was
this range of energy. When the collision energy becomes lardeund slightly larger in the QCT calculation than in the CT cal-
than~ 0.15¢V/, the efficiency of the recombination processulation, which can be explained by the zero-point energy (
remains almost constant. 0.23¢V) deposited in théf-graphite system at the beginning of
Up to now, we have only considered the situation in whiobach trajectory. Itis clear again that the increase of the iditial
the initial velocity of the atomic hydrogen is normal to th@raphite vibrational energy does not affect much the efficiency
graphite surface. In Fig. 4, the formation probability has beerfithe process. On the contrary, a 0&20increment in the col-
plotted as a function o« at a collision energy..,;; = 0.132 lision energy completely affects the formation probability. This
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Table 5. Comparison of the total cross-section ;) and the Eley- 10 @
Rideal cross-sectiono(zr) for potential model (I). The two cross- ’ E 0ol ‘
- PR " ; E—HaE,, =0013¢
sections, calculated viitL = 5 A, are defined in the text. E:: = 0,026 &V

08| o—oE, =0132¢ev

coll

| Ecou (V) | 0.013] 0.026 | 0.132 |

oiot A%) | 7.6 | 19.0 | 61.9
osr A% | 7.6 | 176 | 43.0

06 |

bability

[=)
strong difference reveals that the process is mainly governed‘f’t_ayo'4 i
an activation barrier in the entrance channel.

Itis now of interest to analyse the recombination probability 0.2 |

as a function of the impact parameter b. It appears that a large /
proportion of molecules are formed when the impact parameterg g ‘ ‘ ‘
bis less than . For each set of trajectories, we have calculated ~ 0.02 0.04 0.06 0.08 0.10
the opacity functiorP(b), defined as the ratio of the number of COV(%)age
reactive trajectories to the total number of trajectories which are ;
characterized by an impact parameter in the intdiyal+ db].
The opacity function derived from 8000 trajectoriesat,; =
0.026¢V in the case of model (1) is plotted in Fig. 5. Fromthe 08 |
opacity function, the cross-section can be easily derived as:

o
o

o=2r /DO P(b) bdb (14)
0

Probability

o
N

The values ofr, reported in Table 5, are relatively large. How=
ever we have to keep in mind that this cross-section reflects
not only the direct ER process between the incomfihgtom 02 f
and one isolated hydrogen atom on an infinite surface but also
the indirect process. This last one involves trajectories during 5 ‘ ‘ ‘ ‘
which the incomingH atom is trapped and migrates on the sur- 0.0 01 0.2 0.3 0.4 05
face until it reacts with one of the other adsortiédatoms. In Coverage

the_S'mmat'on this proc_e-ss 'S_ taken into account thanks to '1'38 6a and b. Plot of the H, recombination probability versus the
pe”‘?d'c_ boundary conditions in the (x,y) plane. To esnmatg tl&@veragevﬁ) at three different collision energies with potential model
relative importance of such a process, a process was considgfied Results obtained fop <0.1 by changing the area of the cell in
as indirect if the incomingd{ atom, isolated from the other onelassical trajectorief Results obtained for larger coverage (up to 0.4)
left the cell during the trajectory. In Table 5, the cross-sectigom the distribution of impact parameters and the data in Fig. 5.
associated to the direct ER process £) has been tabulated for

three collision energies. It clearly appears that the ratio between

direct and indirect processes is strongly dependent on the col-All the results discussed below have been obtained with the
lision energy. In the low energy regime, all the recombinatigifea of the square cell equal to 188 As the cross-sections are
events are direct. The lower is the collision energy, the more tf@/tainly dependent on the density of adsorbeatoms per unit
incomingH atoms are sensitive to the adsort@atom which area, or equivalently on the coveraggn units of a monolayer,
acts as an attractor. This explains why the indirect process b&-When all the top sites are occupied), we have analysed the
comes negligible when the collision energy decreases. On gy®lution of the formation probability as a function gfby
other hand, aE.,;; = 0.132¢V/, a substantial proportion of in- changing the area of the cell (a cell of 180 _co_rresponc_is
direct processes are observed. In this range of collision enef§y?? ~ 0.05). This procedure allowed to obtain informations
the linear momentum orientation transfer is dominated by tHethe range of low coverage) (< 0.1). These results have
surface corrugation rather than by the influence of the atherPeen reported in Fig. 6a for three different collision epergies. It
atom and the proportion of indirect trajectories increases. \@Pears that, for the 2 lowest values®f,;;, the recombination
have also analysed the probability to fofi# in such indirect efficiency is linear with respect to the coverage. On the other
trajectories: it was found equal to 66 at E..; = 0.026¢V hand a slight saturation of the recombination proba}bmtyappears
and 55% at E;; = 0.132¢V respectively. This lowering of atn~0.09 atF/,;; =0.132¢V. In fact the non-linearity appears
the efficiency of the recombination process as a function of tfas a critical H densityp!; = - b%l’m inwhichb,, .. corresponds
incident kinetic energy corroborates that the migrafihgtoms to the characteristic value of the impact parameter for which the
are less and less sensitive to the adsotlegtom whenE.,;; opacity function vanishes. As,,... increases as a function of
becomes larger and larger. This explains the slight decreas¢hefcollision energy, it explains that the non-linearity is observed
the total recombination efficiency as visible in Fig. 3a. in the MD calculations for the lowest..;;.

G—OE_,=0132eV

coll

—®E_, 6 =0026eV

coll

O—HE_,=0.013eV

coll
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To obtain information relative to larger coverage, an altern& (n; E..;;) corresponds to the sticking probability for ttie
tive procedure has been used. The opacity functions P(b) hatem impinging onto the grain. It depends parametrically on the
been calculated as explained above for different collision eneoverage) and on the mean collision energy. With the very sim-
gies. For a given coverageg)( the distribution of the impact pa- ple assumption that this sticking probability is proportionnal to
rameter (§” (b)) was calculated from a set of randomly chosethe number of available sites, we hakg(n; E.o;;) = (1 — 1)
initial conditions in a cell whose size is adapted to the coverage.P,(n = 0; E.,;;). The reaction probability has been found
From P(b) and ¢ (b), the recombination probability was easilyto be an increasing function of the coverage (see Fig. 6). The

deduced from: two probability functions will then cross over at the steady state
. valuer. of the coverage. assumitg(n = 0; Eco) = % as an
Py, (n; Econ) = / g(")(b) P(b) db (15) order of magnitude, one obtains = 0.3 atE.,; = 0.013eV
o (i.e. T, =~ 300 K). The corresponding recombination probabil-

ity is ~ 0.35, which is very much the same as the commonly
admitted value (Hollenback Salpeter 1970,1971, Jura 1975).
The average gas temperature in the ISM is smaller than 300 K
but the above value can be reached in shocked regions or heated
4.1.2. Discussion of the astrophysical consequences regions, such as photon dominated regions wligrés more
readlly observed. As a matter of fact the grain to gas relative
velocity is the quantity which governs the valuelof,;; and it
may be affected by grain acceleration and/or friction in stellar
nds Finally one should keep in mind that these numbers de-
pend rather crucially of physical quantities not accurately known
such as the barrier in the entrance channel.

The Py, (n; E.oip) function is plotted in Fig. 6b for the same
three collision energies up ip~ 0.4.

This H, recombination probability at given coverage
Pr,(n; Eco) is crucial to extract useful information for as-
trophysics. Indeed, the most important quantity for mterstell
hydrogen chemistry is thél, formation rate (incm=3.s~1)
which is given by:

RH2 =nguvyg Ng Og ]DH2 (U;ECO”) (16)

) ) ) 4.2. Distribution of excess energy in the nascEatmolecule
In this last expressiom;; andvy corresponds respectively to

the atomic hydrogen density in the gas phase and to the m8&sides the direct astrophysical consequences, the interest to
velocity ofthese H atoms (which is related to the gas temperatgxamine the distribution of excess energy in the naségnt
if this phase is considered to be at thermodynamical equilibriufiolecules has been strengthened by the recent experimental re-
in the ISM).n, ando,, are respectively the dust grain densitgults obtained by Gough et al. (1996) on the internal states dis-
in the ISM and the mean surface offered by the average gréifution of /> molecules desorbed from carbonaceous surfaces
(depending in particular on the geometry of the dust particlegxposed to thermall atoms.H, molecules in highly excited

In standard astrophysical models Hf, formation in the vibrational states uptv = 7were observed. On the other hand
ISM, such as the one proposed by HollenbachSalpeter No significant rotational excitation was observed. This experi-
(1970,1971), the rate is estimated within the hypothesis ofmental study has been realized for different values of the surface
very high recombination probability~( 0.3), supposed to be temperature.
the product of the sticking probability:Sby a factory (close In the MD simulations, we have been interested in the repar-
to 1) implicitely assumed to account for the efficiency of thiétion of the excess energy available in the chemical reaction
LH mechanism, independently of any explicit reference to ttigduced in the vicinity of the graphite surface among the var-
amount of adsorbed hydrogen as measured by the coverd@jés degrees of freedom of the produiag, H»>. With the two
Indeed this formulation is equivalent to consider that the reaeetential models used in this work, the reaction is highly exoen-
tion probability is never limited by the diffusion of the adatomsrgetic AE ~ 3.4¢V). In Fig. 7, the ensemble averages of the
This assumption would need a specific study in order to chelgrnslational kinetic energy, rotational energy and vibrational
its validity in the low T} range. We estimate nonetheless th&nergy of the newly formeél, molecules have been plotted for
diffusion coefficient large enough to permit an average diff§ different values off’..u; in the case of model (I). As it can
sion velocity of the order of A/year or more is necessary forbe seen in this plot, the partitioning of the energy in the differ-
the reactivity to be dominated by the LH mechanism. Note th@iit degrees of freedom is almost independent of the collision
these diffusion processes are expected to be very sensitiv€€rgy. This result can be easily understood by noting that the
the chemical composition and physical structure of the graitisrease of the collision energy represents only a small amount
surfaces. with respect to the reaction exothermicity. A precise analysis

On the contrary if we neglect thermal desorption and trd the results given in Table 4 shows that the translational and
LH process, which will tends to be valid in dense and cof@tational energies off, increase slowly as a function of the
regions of the ISM, the steady-state coverageresulting from collision energy. On the other hand the vibrational energy tends
the equilibrium between sticking arfd, formation by the ER t0 decrease slightly. But the orderitig, > Eyip > Eyor Te-
mechanism will result from: mains unchanged.

Alarge amount of the excess energy30%) is then devoted

P,(n; Econt) = P, (0; Ecotr) (17) tothe overall translation energy of tt#&, molecule. This large
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lﬂg. 9. Rotational angular momentum distribution of the nascent H
%%ecules, P(J), in a QCT calculation &t,;; = 0.132¢V. J is ex-
pressed irf units.

Fig. 7. Distribution of excess energy in the reaction among vario
degrees of freedom: ensemble averages of translational, rotational
vibrational energies of the newly formed, iholecules as a function
of the collision energy of the impinging H atom. These results have

been obtained with potential model (1). ) _ .
in the nascenf/, has been obtained from the analysis of the

300 ‘ ‘ final angular momentum of the diatomick, |t is plotted in Fig.
9. The mean value of is < J > = 10 which corresponds to a
mean rotational energ,.,; ~ 0.70eV . The broad distribution
of the angular momentum is in fact the signature of the anti-
correlation between translational and internal energies for the
desorbed molecules. Since the simulation is classical, no infor-
mation about the ortho/para population can be extracted. We can
only note that, in the work of PerssénJackson (1995b), quan-
tum distributions P(J) were generally well reproduced by the
QCT simulations. Such a low rotational excitation is consistent
with experimental observations by Gough et al. (1996).
We have analysed the possible alignment of the angular mo-
90 mentum of the, desorbed molecule to obtain dynamical infor-
mation on the formation process. Such alignment effects of the
desorbed molecules could be experimentally analysed from the
Fig. 8. Angular distribution of the scatterdd.atoms anq of the newly spectroscopy of thél, molecules with polarized laser beams.
Z’;mlgg gfen:ec;lsrﬁgftsoitr%za r?a?:;aliirer‘n/a\l,wth potential model (). - A alignment effect in the thermal desorption/s from a pal-
9 ' ladium surface has been recently observed (Wetzig et al. 1996)
in this way.
kinetic energy associated to the recoil of tHe molecules fol- The distribution ofJ. /J for all the trajectories, and also
lowing the recombination mechanism at the gas-solid interfafoe the selected direct collisions trajectories, has been analysed.
could have important consequences for the physics and chéihese plots (not shown here) display a maximum around zero
istry of the ISM. Indeed these newly formé& molecules could which means that the angular momentum orientation is favored
induce an efficient heating of the interstellar gas. in the plane parallel to the graphite surface. Surprisingly, the
The direction of the desorbell, molecule following the two distributions (direct and total) are almost the same. It in-
collision has also been analysed. This information could be uskécates that the desorption induced by a hot migrating atom
ful for experiments in which the detection of the desorldigd produces almost the same distribution that a direct ER process.
molecules could be angularly resolved. The angular distributibmfact, analysis of the direct trajectories reveals that, after the
of the desorbed{, molecules is diplayed in Fig. 8 (solid line).direct harpooning of the incoming atom, theHs molecule
It presents a maximum 8t~ 35 degrees, and is almost unsemmay migrate for some time on the surface before being des-
sitive to the initial collision energy. The angular distribution foorbed. This explains why there is no real difference between the
the back-scattereH atom (dashed curve) is maximuméat O  two distributions. If we reject these trajectories (i.e. considering
but is broadened due to the surface corrugation. only trajectories involving direct formation and direct desorp-
The rotational degrees of freedom are the less favored. Otityn), the distribution of J/.J exhibit as more pronounced peak
~ 19% of the excess energy is going into the rotation of the diround zero, as expected. For these latter trajectories, we have
atomic molecule. The distribution of the rotational populatiorotted in Fig. 10 the correlation betweep/J and J,/J. A

—— H, molecule
i ——— Hatom

Number of appearances

Angle (degrees)
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Fig. 11. Vibrational population distribution of the newly formed,H
molecules, relative to the v=0 populatidii.,;; = 0.132¢V, potential
model (), averaged over a set of 8000 trajectories.

Fig. 10. Plot of the (/.. / J,J,,/ J) correlation for the newly formed H
molecules. This distribution has been obtainedvag; = 0.195eV
with potential model (1) from a set of 8000 trajectories.

Table 6. The value of the inelasticity parameter Q (see Eq. (18)) for

. 2. (JyN\2 . different collision energies within the CT approach. These results have
clear maximum appears whe#()?+(+)? ~ 1, corresponding ; . ) ; >
. . - SV T been obtained with potential model (I). All the energies are given in
to trajectories with J~ 0. This difference then demonstrates

that trajectories involving atomic or molecular migrations tend

to be associated to helicopter-like motion in which the angular E.,; | 0.013] 0.026 [ 0.132] 0.195 0.262 |
momentum is along tr_\e z dlrect|on. A more detailed a.naly. iS E(ilff) 0.012] 0020] 0.110] 0.195| 0.293
of theJ,/J and.J,/J distributions also reveals preferential di Q 0.000 | 0.000| 0.025| 0.032 | 0.039
rections peaks which can be correlated to the topology of the;(indirect) 0 0 4 6 20
graphite-H PES. N (direct) 0 0 0 5 16

mig

About 31% of the excess energy is transfered into vibra=
tional excitation. The relative population distributi%% in
successive vibrational states obtainediat; = 0.132¢V is tainty resides in the parametrization of the interaction potential

shown in Fig. 11. From this set of 8000 trajectories, we obseNéed_in the present work, which may not perf(_a(_:tly represent the
high vibrational excitations umtv = 6, which is in quite good reactive zone. If we analyse the energy partitionning obtained

agreement with the experimental work of Gough et al. (19931,'th poteptial model (I1), the t'ranslational gontribution is again
where a vibrational population up ¥ = 7 hasbeen observed. the most important (4%) but is however slightly smaller than

The calculated vibrational distribution does not exhibit popLWith the first parametrization. On the other hand, the vibrational
) is now almost equal to the translational one,

lation inversion, nor is characteristics of a thermal distributio‘f‘P”tribUtion (38% . At
which could be the case in a LH process. with a maximum forv = 1. The rotational contribution (2%)

However the experimental vibrational distribution reporte'&. a'"_‘OSt unchang.ed with respect tq model (). The§§ three con-
butions are again almost unsensitive to the collision energy

by Gough et al. (1996) is strongly different from the presem . . .
prediction. In particular, they found that most of the moleculéy®’ the whole range in which the reactive process has been

are formed in the ground vibrational state. They have estima Ed'e,d' In summary, potgnﬂal model (II) tends to Increase the
that the ratio¥@=D vibrational contribution with respect to the translational one.

N(v=0) An other possibility could be that a large part of the ex-
sented here, we have fou Ziég =0.84. This disagreementcess energy is transferred to the excitation of the solid thanks to
call for some comments, since there are many reasons for whied coupling with the phonon modes. However preliminary MD
calculations and measurements can give different results. results using a non rigid surface model show that this energy
First of all, as said by Gough et al. (1996), a large fraction tfansfer is not really efficient in this range of collision energy.
the newly formedH-> molecules may collide many times withFinally a point of major importance is the difference in the struc-
the surface before being detected due to the configurationtufe of the carbonaceous surface involved in the experiment with
the experimental set-up. If this is the case, these collisions sbspect to the perfect graphite surface used in the calculation.
viously induce a de-excitation of the diatomics which will alter The above discussion concerned the energy distribution ob-
the measured vibrational distribution. On the other hand itis rtained from the CT calculations. In Table 4, we present the
clear atall thatthe microscopic mechanism which mainly inducemparison between the CT and QCT methods. In the QCT
H, desorption in the experiment is the ER mechanism. It maglculation, the total energy (translational + internal energies)
be partly or largely affected by the LH process. Another uncere larger than in the CT calculation due to the ZPE involved

is less than 0.13. In the calculation pre-
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in the simulation. At high collision energyil..;; = 0.132¢V), 6

this excess energy is equally shared by translation, vibrationand ~ [© © O © O O
rotation. On the other hand, at low energy, the ZPE seems to be 41 0 O O O © O |
preferentially transferred to the translational and rotational de- [ O O o G 0

grees of freedom. As a counterpart the mean vibrational ene@y 27
slightly decreases with respect to the CT calculation. Indeed ig-

o O > 8 O ®
(]
creasingE .o, Or the initial adsorption energy induces the sam@ 0[O ® O » 'Q. @]
effect (relative increase df,..;, E'1-ans and decrease df ;). — o O FC) & ® O
This shows that the energy distribution is mainly governed 5)'/ 2 Ie) @ O ©» o ®
” ; . o
the transition state region corresponding to fi¢ molecule 4l 0 o 3 o 0.0
adsorbed on the surface.
©) o O O @ @)
-6 L L L L L
4.3. Energy transfer in the non reactive trajectories -6 -4 -2 0 2 4 6

. . . . X (angst
We turn now to the analysis of the non reactive trajectories dur- (engstroem)

ing which the incoming? atoms are back-scattered. We defineléig. 12.Final (x,y) in-plane localization of the H adsorbed atom in the

a parameter Q which characterizes the degree of inelasticitynef reactive trajectories, obtainedBt,u = 0.262¢V with potential
the collision: model (I) from a set of 8000 trajectories. Each open circle represents

a carbon atom.
Egnr) _ E(fnr)
Q= T —wmn (18)

E

7

Eilmsteiner et al. (1996) in experiments where the desorption
) () . ~ofthe D, molecule was detected following the impactféfon

E; " andE, ' are respectively the mean values of the initiad deuterated Ni(100) surface.

and final collision energy of thH atoms after the scattering, the

averages being calculated over the subset of trajectories WIE;:% .

are non reactive only. As the surface is considered as rigid, tfie onclusion

value of Q reflects in fact the energy transfer between the twer the first time, a complete molecular dynamics simulation
H atoms. The values of Q have been reported in Table 6 at fivgs been done to understand the catalytic formation of molec-
different collision energies for the CT calculations. In the lowlar hydrogen on a graphite surface from a microscopic ap-
collision energy regime, the collision appears as elaslic( proach. With the empirical potential model used, it appears that
0). The incoming particle is reflected at a large z value and the recombination process favours the formation of highly vi-
energy transfer between the hydrogen atoms is not efficient.igtionally excited molecules with a large translational kinetic
intermediate collision energy..;; ~ 0.05¢V'), the incoming energy. The formation efficiency by collision is found as large
H atom can come close to the surface and consequently @&0.5 in the range of O£l collision energy. As a result of the
begin to efficiently exchange energy with the other particle. Affect of a small activation barrier in the entrance channel, the
E.o1=0.132¢V, Q is equal to 0.025. At this collisional energy.onset of the reactivity occurs at around 100 K depending on the
analysis of the trajectories reveals that saiémpact induced potential model. The simulations have revealed the role of both
migration of the previously chemisorbed atom on the surfagect and indirect processes, whose relative efficiencies depend
appears. It means that an energy transfer of aboutdd’2®n- primarily on the collision energy and on the surface coverage.
ergy of the diffusion barrier) becomes possible. For example, e corrugation of the graphite surface plays an important role
E.on=0.262¢V, 8000 trajectories have been run. 2704 trajei the appearance of indirect trajectories because it allows an
tories were found non-reactive and 36 trajectories have indugsficient transfer from normal to tangential components of the
an atomic migration. These diffusinfg atoms can play an im- incoming # atom linear momentum. An alignment of the ro-
portant role in the reactivity process because, following the fitigtional angular momentum of tHé, molecule has been also

H impact, adsorbed atoms can migrate and thus possibly regtiracterized which seems independent of the nature (direct or
with other chemisorbed/ atoms to also induce H> desorp- indirect) of the collision. Inclusion of the zero-point energy us-
tion. In Fig. 12, we have reported the final (x,y) positions of thég a semi-classical approach does not alter the results on the
adsorbedH atom (filled circles) at the end of each trajectoryormation rate. Its only effect is a slight increase of the mean
involving the back-scattering df . At the beginning of the tra- energy in the translation, rotation and vibration of the newly
jectories, the initial position of the adsorbed atom was aroufstmed molecules.

(x=1.4A;y=0). The carbon atoms (open circles) are also drawn Some important astrophysical consequences are outstanding
in this picture to put into evidence that the induced migratiomgm this study: in particular the possibility to heat the interstel-
appear along the C-C bonds. An analysis of the trajectories kg-gas by the recoil energy of the newly form&g molecules,

veal that the induced migrations are almost equally generatgfli the hope that the vibrational excitation resulting from this
by direct (I\f,fg“t)) and indirect (l\ﬁgzj"“”) collisions (see catalytic process becomes aroute to recognize regions of forma-
Table 6). This induced migration has been recently observedtimn in space through observations like the vibrational emission



P. Parneix & Ph. Bechignac: Molecular dynamics simulation of thg recombination on a graphite surface 375

of the H, molecule. In order to progress in that direction, rd-e Bourlot J., Pineau des féits G., Roueff E., Dalgarno A., Gredel R.,
finements of the theoretical approach are necessary, togetherl995, ApJ 449, 178
with confrontation with experiments. On the theoretical sideéemaire J.L., Field D., Gerin M., et al., 1996&A\ 308, 895
the first need is the improvement of the interaction, since thd4athis J.S., Rumpl W., Nordsieck K.H., 1977, ApJ 217, 425
phenomena are expected to be strongly dependent on the pdtititera L., Rosatelli F., Salvo C., etal., 1980, Surf. Sci. 93, 515
tial energy surface. We are indeed working now on calculatioﬁgrsson M., Jackson B., 1995a, Chem. Phys. Lett. 237, 468
. . . ersson M., Jackson B., 1995b, J. Chem. Phys. 102, 1078

of th<=T reactlv_e potential energy surfaC(_a in the framewor_k of tlﬂ’?rronello V., Liu C., Shen L., Vidali G., 1997, ApJ 475, L69
density functional theory. Onthe experimental point of view desponelio v, Biham 0., Liu C., Shen L., Vidali G., 1997, ApJ 483,
tailed dynamical behaviours revealed by the theoretical study, | 131
such as of course kinetic energy release and vibrational distrilpsiner C.T., 1994, J. Chem. Phys. 101, 1529
tion but also angular distribution and alignment effects, woukkttner C.T., Auerbach D.J., 1994, Science 263, 365
provide severe tests of the physical reality. Rettner C.T., Auerbach D.J., 1996, J. Chem. Phys. 104, 2732

Furher aspects, of direct astrophysical relevance, ofthe Rouan D., Field D., Lemaire J.L., etal., 1997, MNRAS 284, 395
recombination process which are planned to be studied th8@ss S., Oliver J.POn Physical Adsorptiolew-York: Interscience,
retically in the near future include deuteration effects (impor- 1964 , 3y
tant also for experimental reasons), the sticking probability Gifhermann C., Pichou F., Landau Miader |, Hall R.1., 1994, J.
a non rigid surface, and the Langmuir-Hinshelwood mechgahChem' Phys. 101, 8152

. . hich miarati fH at th f dominat moranzer H., Noll T., Roueff E., Abgrall H., Bieniek R., 1990,
nism in wnich migration o atoms on the surtace dominates Phys. Rev. A 42, 1835

the dynamics. The ortho versus parg distribution can also @t%phensT.L., Dalgarno A., 1972, J. Quant. Spectrosc. Radiat. Transfer
reached through a quantum mechanical treatment. It would al- 15 569

low, through a full astrophysical modelling, to explore in detafugai H., Malkan M.A., Ward M.J., Davies R.I., McLean I.S., 1997,
the role of physical conditions such as the grain temperatyre T ApJ 481, 186

the gas temperature, Tthe density of the gasg the density Watson W.D., 1976, Rev. Mod. Phys. 48, 513

of grains n, and size distribution, as well as grain velocities and/etzig D., Dopheide R., Rutkowski M., David R., Zacharias H., 1996,
interstellar radiation field. Phys. Rev. Lett. 76, 463
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